Mycobacterium abscessus is a fast-growing environmental organism and an important emerging pathogen. It is highly resistant to many antibiotics and undergoes a smooth to rough colony morphology change that appears to be important for pathogenesis. Smooth environmental strains have a glycopeptidolipid (GPL) on the surface, while certain types of clinical strains are often rough and lack this GPL, due to mutations in biosynthetic genes or the mmpL4b transporter gene. We report here the development and evaluation of an allelic exchange system for unmarked alleles in M. abscessus ATCC19977, using a suicide vector bearing the E. coli galK gene and 2-deoxygalactose counterselection. We describe here two variant galK suicide vectors, and demonstrate their utility in constructing a variety of mutants with deletion alleles of the mmpL4b GPL transporter gene, the mbtH GPL biosynthesis gene, the known b-lactamase gene MAB_2875 and a putative b-lactamase gene, MAB_2833. We also show that a novel allele of the E. coli aacC4 gene, conferring apramycin resistance (aacC41), can be used as a selectable marker in M. abscessus ATCC19977 at single copy.
INTRODUCTION
Mycobacterium abscessus is an emerging pathogen within the rapidly growing, non-tubercular mycobacterial (NTM) species [1] . The organism can cause a plethora of infections, ranging from wound and subcutaneous infections to serious pulmonary infections, the latter of which are often seen in elderly, immunocompetent patients with underlying lung disease, or tall, elderly woman with low body mass [1] [2] [3] . M. abscessus is also an important pathogen in patients with cystic fibrosis and in patients receiving anti-tumour necrosis factor alpha therapy [4] [5] [6] [7] . Environmental isolates typically form smooth colonies on solid media and isolates from deep tissue infections have a rough colony morphotype [8] [9] [10] . This type switch can be due to loss of a glycopeptidolipid (GPL) that is present in the outermost part of the cell envelope of the smooth morphotype. Loss of the GPL and development of the rough colony phenotype occurs by mutation of genes in the biosynthetic gene cluster or mmpL4b, which encodes a membrane transporter that is important for transfer of the GPL from the cytoplasm [9, 11] . M. abscessus is understudied, compared to other mycobacterial pathogens such as M. tuberculosis or M. marinum, partly due to a dearth of genetic tools. M. abscesssus is highly resistant to many antibiotics, which limits the use of some tools [12] , and while standard E. coli-mycobacterial shuttle vectors can replicate in M. abscessus, there is a paucity of robust systems for allelic exchange.
There are three standard tools for introducing mutations into mycobacterial genomes: a temperature-sensitive mycobacteriophage for specialized transduction, electroporation of double-stranded DNA (with or without recombineering) and a suicide vector approach using some sort of counterselectable marker [13] [14] [15] . Unfortunately, M. abscessus is refractory to allelic exchange using the TM4 mycobacteriophage-based specialized transduction system [16] . Electroporation of dsDNA can work, either without [17] or with the expression of recombineering proteins [16, 18] , but the efficiency is low [16] . In addition, the specialized transduction or dsDNA electroporation methods cannot easily be used for allelic exchange of unmarked mutations such as point mutations, although they can be used with mutations marked with resolvable resistance markers [13, 19] . Hence, the preferred method is a suicide vector system with a counterselectable marker, since it can be used for both marked and unmarked mutant alleles, either in-frame deletions or point mutations. A commonly used counterselectable marker in mycobacteria, sacB, which confers susceptibility to sucrose, does not work in M. abscessus for allelic exchange [16] . A recent report described the use of isoniazid counterselection for allelic exchange in M. abscessus [20] .
In this article, we describe a method for the allelic exchange of unmarked mutations in M. abscessus using suicide vectors with the counterselectable marker galK, encoding galactokinase, which confers susceptibility to 2-deoxygalactose (2-DOG) [21] . We demonstrate its reproducibility in making several single and double deletion mutants and show that the characteristics and efficiency of mutant construction in M. abscessus using counterselectable suicide plasmids mirror those seen in other mycobacteria such as Mycobacterium tuberculosis and Mycobacterium smegmatis.
METHODS
Bacterial strains and growth conditions Strains are listed in Table 1 . The E. coli strain DH10B was used for all routine plasmid construction, while strain BW25113 was used as the source for the galK gene. E. coli cultures were grown at 37 C in Luria-Bertani (LB) broth (Difco, BD Biosciences, San Jose, CA) or on LB agar. Mycobacterial cultures for electroporation were grown at 37 C in LBT broth (LB broth with 0.05 % Tween-80) or on LB agar. All other mycobacterial cultures were grown at 37 C in Middlebrook 7H9 broth and were plated on Middlebrook 7H10 agar (Difco, BD Biosciences). The Middlebrook 7H10 medium was supplemented with 0.2 % glycerol and ADS (0.5 % bovine serum albumin fraction V, 0.2 % dextrose, and 0.85 % NaCl), while the 7H9 medium was supplemented with the same and 0.05 % Tween-80. 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-gal) was used at a concentration of 80 µg ml
À1
, while 2-deoxygalactose (2-DOG) was used at a final concentration of 0.2 % made from a 10 % (w/v) filter-sterilized aqueous stock solution. Antibiotics were used at the following concentrations: kanamycin, 50 µg ml À1 for E. coli and 25 µg ml À1 for M. abscessus; apramycin, 50 µg ml À1 for E. coli and 25 µg ml À1 for M. abscessus; ampicillin, 100 µg ml À1 for M. abscessus. Kanamycin stocks were made using the active amount of antibiotic per milligram as reported by the supplier. Bovine serum albumin fraction V was obtained from Roche Applied Science (Indianapolis, IN) ; all other antibiotics and additives were obtained from Sigma-Aldrich Chemical (St. Louis, MO).
DNA manipulation
Molecular biology techniques for plasmid cloning were performed as previously described [22] . Genomic DNA from E. coli was prepared using a guanidinium thiocyanate method [14] , while that from M. abscessus was prepared using a cetyltrimethylammonium bromide protocol [23] . Restriction and DNA modification enzymes were obtained from Fermentas (Hanover, MD) or New England Biolabs (Beverly, MA). DNA fragments were isolated using agarose electrophoresis and were purified using GENECLEAN (MP Biomedicals, Santa Ana, CA). Oligonucleotides were synthesized by Eurofins (Huntsville, Al), while DNA sequencing was performed by Genewiz (South Plainfield, NJ). Plasmids used for recombination were prepared using Qiagen columns (Qiagen, Valencia, CA) and, when required, the DNA was UV treated by irradiating 15 µl of a~0.5 mg ml À1 DNA preparation on a sterile, lidless polystyrene Petri dish in a UV Stratalinker 2400 (Agilent Technologies, Santa Clara, CA) on the default setting for timed exposure. One microlitre of each irradiated suicide vector was used for each electroporation, under conditions previously described for M. smegmatis [23] . Southern blotting was done with genomic DNA using the Amersham ECL DIRECT Nucleic acid [24] , using iProof High-Fidelity DNA Polymerase from Bio Rad (Hercules, CA). All amplicons were cloned into plasmids, which were then used for inverse PCR reactions to create in-frame deletions. The deletion alleles mmpL4b, mbtH and MAB_2875 were left unmarked, while that of MAB_2833 was marked by insertion of the E. coli aacC41 gene, which confers apramycin resistance [25] . All alleles were then inserted into the galK suicide plasmids. The DmmpL4b and DmbtH suicide plasmids have the first-generation galK vector backbone, while the DMAB_2875 and DMAB_2833 :: aacC41 suicide plasmids have the second-generation galK lacZ vector backbone. Mutant alleles were confirmed by PCR and sequence analysis. Analysis of mutants following allelic exchange was done using standard iProof PCR with genomic DNA templates prepared from mutant strains, with diagnostic oligonucleotide primers specific for sequences approximately 500 bp flanking the sequences initially amplified for construction of each deletion allele. The exception was the mmpL4b region, in which the 5¢ diagnostic primer was within the original flanking region. The mmpL4b mutants were also analysed by Southern blotting.
Construction of plasmids

Susceptibility testing
For minimal inhibitory concentration (MIC) determination of ampicillin or cefoxitin, we used a microdilution method with the vital dye Alamar Blue [26] . Overnight broth cultures (0.5-1.0 OD 600 ) in 7H9 media were adjusted to~0.5 at OD 600 and diluted 100-fold in 7H9 medium with or without the b-lactamase inhibitors sulbactam, tazobactam or clavulanic acid, each at 4 µg ml
À1
. Antibiotics were serially diluted in a 96-well format, and the wells inoculated with 50 µl of the diluted cell suspension and incubated stationary at 37 C for 48 h. Each well then received 50 µl of a freshly prepared 1 : 1 mixture of Alamar Blue:10 % (v/v) Tween-80, and incubation continued for another 24 h at 37 C. The concentration of antibiotic that prevented a colour change from blue to pink was recorded as the MIC. Two independent cultures for each strain were assayed in duplicate and the measurements did not vary for each strain, so no statistical analysis was required.
RESULTS AND DISCUSSION
Allelic exchange using a suicide vector that is unable to replicate in the species of interest, coupled with a counterselectable marker, is an extremely flexible way to introduce a variety of mutations into a bacterial chromosome. We sought to develop an efficient suicide vector system for allelic exchange in M. abscessus. The key to this is a suitable counterselectable marker, such as sacB (conferring sucrose sensitivity), rpsL (conferring streptomycin susceptibility in a streptomycin-resistant background) or galK (conferring 2-deoxygalactose susceptibility) [14, [27] [28] [29] . Others have shown that sacB does not work in M. abscessus, and the rpsL system requires a pre-existing streptomycin resistance mutation in the choromosomal copy of rpsL, which complicates strain construction [16, 23, 29] . Additionally, in preliminary experiments (not shown), we found it difficult to isolate streptomycin-resistant mutants that could be used with our previously developed rpsL suicide vectors. Thus we turned to galK, an E. coli gene that has previously been shown to work in M. smegmatis and M. tuberculosis [27] . The GalK enzyme converts galactose to galactose-1-phosphate but can also catalyse the conversion of 2-deoxygalactose (2-DOG) to 2-deoxygalactose-1-phosphate, which is toxic [21] .
We first tested galK in M. abscessus by transforming strain PM3044 (a smooth clone of the wild-type strain ATCC19977) with plasmid pMP1240, which has the E. coli galK gene expressed from the mycobacterial groEL promoter. We observed a 1000-fold decrease in viability of PM3044/pMP1240 on media containing 0.2 % 2-DOG compared to the vector control strain PM3044/pMV261 (data not shown). A similar decrease in viability was seen comparing the growth of PM3044/pMP1240 on media with 0.2 % 2-DOG versus media lacking the compound (data not shown). Subsequent attempts to use the P groEL -galK at single copy in the chromosome of M. abscessus revealed that the expression was too low to confer susceptibility to 2-DOG, and so we made and tested another replicating plasmid, pMP1262, in which galK was expressed from the strong major left promoter (P L ) of mycobacteriophage L5 [23] . This plasmid turned out to be somewhat toxic to M. abscessus, resulting in reduced colony size even in the absence of 2-DOG, suggesting that the galK gene was overexpressed relative to the expression from the pMP1240 plasmid. Hence, the P L -galK cassette was used for the development of the exchange vector. We built two suicide vector backbones, using pMP1262 as the starting material. Both vectors have the ColE1 origin for replication in E. coli, and a kanamycin resistance gene (aphA-1) for selection in E. coli and M. abscessus. The first-generation vector is pMP1267 ( Fig. 1) while the second-generation vector, pMP1269, was made from pMP1267 but has the E. coli lacZ gene, expressed from the M. smegmatis major porin promoter, P mspA (Fig. 1 ).
In this method the suicide plasmid, bearing the mutant allele with~1 kb of flanking DNA, is introduced into the bacteria by electroporation and the population plated onto media containing kanamycin to select for cells that have integrated the suicide plasmid into the chromosome at the wild-type gene locus via homologous recombination. Since the plasmid cannot replicate, the only way kanamycinresistant clones can arise is by recombination of the plasmid into the chromosome; with other mycobacterial species, this generally occurs at a frequency of 10
À4
-10 À5 relative to the electroporation efficiency of the cells, as determined by a control electroporation with a replicating plasmid [14] . The primary recombination event is a so-called 'single crossover' wherein the entire plasmid integrates into the chromosome, causing a duplication of the cloned DNA. These 'primary recombinants' are resistant to kanamycin and sensitive to 2-DOG. A primary recombinant clone is then subcultured into liquid medium lacking kanamycin and grown to saturation. During that time, the duplicated regions at the integration site can undergo a secondary recombination that results in the looping out of the plasmid. Depending upon the location of the secondary recombination, either the wild-type or the mutant allele will be removed with the excised plasmid, leaving the other allele behind. Since the plasmid cannot replicate, it will eventually be lost in the progeny. The appearance of these 'secondary recombinants' is relatively rare, occurring at a frequency of 10 À3 to 10 À5 in the population [14, 23] . Since these secondary recombinants have lost the plasmid, they can be selected for by taking advantage of the conditionally lethal nature of the counterselectable marker. Cells that have not undergone a secondary recombination event will still have the counterselectable marker and will be killed on the 2-DOG medium, while those clones that have recombined a second time (losing that marker in the process) will survive. It is then a matter of screening the secondary recombinants for the mutant cells. In practical usage, there are three confounding factors in the procedure: low electroporation frequencies, background antibiotic resistance in the primary recombinant pool and inactivation of the counterselectable marker in the secondary recombinant pool [14] . Because of the latter two problems, it is important to screen for other markers carried on the plasmid during mutant construction.
Allelic exchange of DmmpL4b andDmbtH
We decided to test our system by deleting the mmpL4b gene, encoding the transporter required to export the GPL to the outer surface of the cell envelope and confer the smooth phenotype to M. abscessus colonies. We chose this gene because mmpL4b mutations are tolerated and the smooth to rough colony morphotypes are easily discernible on agar plates [9] . For these experiments we typically electroporated two control plasmids in parallel into the cells: pMV261, a replicating plasmid to obtain the electroporation efficiency of the cells, and pMP1240, the P groEL -galK tester plasmid as a positive control for 2-DOG sensitivity. One of the limiting factors in allelic exchange in mycobacteria is delivery of DNA into the cells. Usually, the best mycobacterial electroporation efficiencies are 10 5 -10 6 transformants per electroporation, achieved with saturating amounts of DNA [14, 23] . Since integration of suicide vectors occurs at a frequency of approximately 10
À5
, mycobacterial suicide vector methods are often balanced on the edge of success, and thus we perform multiple electroporations (two to four) to increase the chances of obtaining primary recombinants.
For allelic exchange of DmmpL4b we used the suicide vector pMP1265, which has an in-frame deletion of the mmpL4b gene, flanked with approximately 1 kb of DNA on each side.
We typically obtained approximately 10-20 colonies per electroporation with the suicide vector pMP1265, which was similar to the number of colonies obtained from control electroporations lacking DNA and likely due to spontaneous resistance to kanamycin in the population. Increasing the concentration of kanamycin in the media did not improve matters. Our electroporation efficiencies with M. abscessus were always in the range of 10 5 kanamycin-resistant clones per electroporation with the replicating control plasmid, similar to what we have obtained with M. smegmatis and M. tuberculosis, the latter under optimal conditions [14] . In our first set of electroporations with the suicide plasmid, we screened 64 Km R clones and found two that were also susceptible to 2-DOG. The presence of the P L -galK cassette at single copy did not affect colony size of these two clones in the absence of 2-DOG. One of the clones, PM3363, was grown overnight to saturation in media lacking kanamycin and plated for viable counts on media with or without 0.2 % 2-DOG. We obtained 2-DOG resistant clones at a frequency of 6Â10
, similar to what we have observed with suicide vector allelic exchange in other mycobacterial species. Within the 2-DOG R population, we found that~90 % were kanamycin susceptible and therefore true secondary recombinants. Inactivation of counterselectable markers in mycobacteria can range from 10 % or less for rpsL, to higher, and variable, numbers for sacB [14, 23, 27] . The galK marker does not seem to be inactivated as highly as sacB, although this phenomenon typically varies between locations in the genome. Within the secondary recombinant population we noted a mutant frequency of 21 %, as evident by colony morphology. We did not see any rough mutants lacking the expected phenotype of 2-DOG R , Km S . We repeated the outgrowth experiments and 2-DOG selection with the primary recombinant PM3363 using either lower concentrations of 2-DOG or Middlebrook media and LBT in parallel. We found that decreasing the 2-DOG concentration from 0.2 to 0.1 % still afforded selection, but it was not as clean as 0.2 % and so we continued to use the higher concentration. There was no appreciable difference in the frequency of 2-DOG resistance (10 À4 ) or mutant generation (8, 20 %) using Middlebrook compared to LBT, respectively.
We sought to confirm allelic exchange in one DmmpL4b mutant, strain PM3366, by PCR. We typically do this by using diagnostic primers homologous to sequences approximately 500 bp beyond the regions flanking the sites for the initial PCR to amplify the region for construction of a deletion allele (see Fig. 2a ). However, we had considerable problems with the PCR reactions with multiple products (data not shown). After performing several primer swapping experiments, we found that the problems were due to nonspecific binding of the 5¢ diagnostic primer, which was homologous to the gene upstream of mmpL4b, which is another mmpL4-like gene with 73 % nucleotide identity to the 3¢ half of mmpL4b. We tried several versions of 5¢ diagnostic primers but were only able to get unambiguous PCR reaction products with PM3366 using a 5¢ diagnostic primer homologous to the intergenic region (primer D1 in Fig. 1a,  top) , which lies within the cloned regions. We were able to confirm the DmmpL4b allele in PM3366 (Fig. 2a, middle , Lane 2) using this primer. However, we performed the same PCR reactions using genomic DNA from another rough, secondary recombinant from the same experiment, strain PM3365, and obtained ambiguous results (Fig. 2a, middle,   Lane 3) . We then performed a Southern blot on BglIIdigested DNA from wild-type and the two mmp4Lb mutants, using a probe that encompassed a region downstream of the mmpL4b gene, but within the region used for allelic exchange (see the map in Fig. 2a, top) . Surprisingly, the PM3366 mutant is the same as the wild-type strain (Fig. 2a, bottom, Lane 2) , while PM3365 has the deletion allele (Fig. 2a, bottom, Lane 3) . This blot was repeated with new DNA preps, which yielded the same results (data not shown). The BglII-digested genomic DNA samples used for Southern blotting were also used as templates in PCR reactions (data not shown) and yielded the same results as in the initial PCR reactions shown in Fig. 2 . We found that the PM3366 strain could be complemented back to the smooth wild-type morphotype with mmpL4b + on a replicating plasmid, but that PM3365 could only be partially complemented (data not shown). We surmise that the problems encountered with allelic exchange at the mmpL4b locus may be due to aberrant recombination resulting from the proximity of the upstream mmpL4-like gene.
The results with the mmpL4b mutants were surprising so we decided to generate another rough mutant by deletion of mbtH, the first gene in the GPL peptide biosynthesis operon [11, 30] . We performed allelic exchange with the wild-type PM3044 and the DmbtH suicide plasmid pMP1296. We obtained primary and secondary recombinants at similar frequencies as seen for the mmpL4b allelic exchange experiments, but inactivation of galK was high (~30 %) in the secondary recombinant pool and we obtained rough mutants at a frequency of 13 %. We chose one mutant, PM3492, for analysis and confirmed deletion of mtbH by PCR using diagnostic primers specific to regions flanking the cloned region (Fig. 2b) . Strain PM3492 could be fully complemented back to a smooth and glistening wild-type morphology with pMP1294, a multi-copy plasmid bearing the wild-type mbtH gene [ Fig. 3(c) , strain PM3498, compared to (b) and (a)].
Allelic exchange with the second-generation galK vector While allelic exchange in M. abscessus is similar to that seen with other mycobacteria, the level of spontaneous kanamycin resistance is problematic since it obscures the kanamycin-resistant primary recombinants. Although the latter clones can be identified by subsequent screening for 2-DOG sensitivity, we sought to improve the first-generation vector by adding another marker that could be used to screen colonies on the initial primary selection media, along with kanamycin selection. We initially incorporated a mycobacterial codon-optimized GFP gene, which produces bright yellowgreen colonies on solid media when carried on a multi-copy plasmid. At single copy however, we could only detect GFP + clones if they were re-streaked onto plates and analysed using a fluorescent scanner (data not shown). We then decided to insert the E. coli lacZ gene in the next-generation vector and use it with the b-galactosidase substrate, X-gal, incorporated into the primary selection media. We inserted a cassette consisting of the lacZ gene, driven by the M. smegmatis major porin A promoter, into the first-generation galK vector to produce pMP1296, which was used for subsequent experiments. We tested the new vector by deleting the MAB_2875 gene, encoding the known M. abscessusblactamase, as this would be a different locus to target. A marked deletion mutant had previously been made by another group using dsDNA electroporation, and the mutant has an ampicillin hypersusceptibility phenotype that can be screened on plates [18] . The galK lacZ plasmid pMP1270 has an in-frame deletion of MAB_2875, and was used with PM3044 (wild-type). This experiment yielded Km R clones at similar frequencies to those we had previously obtained with the DmmpL4b suicide plasmid, pMP1265, but we only obtained clones on 7H10 media lacking X-gal. Direct selection of kanamycin-resistant M. abscessus from electroporation mixtures was not possible on 7H10 media with X-gal. These early experiments also failed to produce primary recombinants. We then repeated the electroporations with plasmid DNA that had been pre-treated with UV radiation, as this has been shown to stimulate recombination [31] , and saw that this almost doubled the number of initial Km R clones in an electroporation set with PM3044 and pMP1270 (average of 46 Km R clones per electroporation with UV-treated DNA versus 25 Km R clones per electroporation with untreated DNA, in triplicate for each) on media lacking X-gal. Furthermore, out of the Km R population, we found more true primary recombinants (2-DOG S ) in the pool from UV-treated DNA (30 %) versus the pool from untreated DNA (10 %). We were also able to use the lacZ marker as a secondary screen to confirm the 2-DOG phenotype, which positively correlated, although the plates needed to be held for a day or two at room temperature or 4 C to see a difference between LacZ + and LacZ -clones. It is not possible to do this at the initial selection after electroporation, as we initially intended, but it can be done during the screening for 2-DOG susceptibility at the primary and secondary recombinant screening stages. From this electroporation set, we isolated the mutant PM3386
Wild type ∆mbtH ∆mbtH/mbtH + PM3492 PM3498 Fig. 3 . Colony morphology of the wild-type parent PM3044 (a), the DmbtH mutant strain PM3492 (b) and DmbtH/mbtH + complemented strain PM3498 (c).
(DMAB_2875) identified on the basis of being 2-DOG R , Km S , and sensitive to ampicillin on patch plates. The identity of PM3386 was confirmed by PCR (see Fig. 4a , top, for the map, and Panel A, bottom, Lane 2).
In homology searches in the M. abscessus genome using the MAB_2875 protein, we found open reading frame, MAB_2833, which is annotated as a putative b-lactamase, belonging to the same InterPro family (APR012338) as the known b-lactamase MAB_2875. While there is only limited homology between the two proteins (15 %), we decided to explore this putative b-lactamase gene. Attempts to express this gene in E. coli or an M. smegmatis strain lacking b-lactamases were not successful, although we could overexpress MAB_2875 in both species and confer an ampicillin resistance phenotype (data not shown). We decided to construct a suicide vector containing a marked deletion of the gene in order to track the mutation. We chose an allele of the E. coli aacC4 gene, which encodes an aminoglycoside acetyltransferase with activity against both apramycin and kanamycin, as the marker. We had previously generated a mutant allele, aacC41, which does not confer kanamycin resistance but does confer apramycin resistance [25] , and inserted the allele in place of MAB_2833 (Fig. 4b, top) . We performed 2-DOG-mediated allelic exchange with the plasmid pMP1271 and PM3044 (wild-type) and PM3386 (DMAB_2875), and successfully isolated PM3389 (DMAB_2833 :: aacC41) and PM3395 (DMAB_2875 DMAB_2833 :: aacC41), which were confirmed by PCR (Fig. 4b, bottom) .
We examined the susceptibility of our strains to ampicillin by MIC analysis (Table 3) , and as expected, we found that wild-type is highly resistant, even in the presence of b-lactamase inhibitors such as sulbactam, tazobactam and clavulanic acid, although the MIC shifted from >256 to 256 in the presence of tazobactam and clavulanic acid. In contrast, the ampicillin susceptibility of M. smegmatis, which expresses a b-lactamase, BlaS, that is sensitive to inhibitors [32] , shifted 4-, 8-and 16-fold with each of the inhibitors, respectively. The MAB_2875 enzyme has been shown to be sensitive to the novel inhibitor avibactam, but we could not test this as we were repeatedly unable to obtain the compound from the manufacturer [18] . The ampicillin MIC for the MAB_2875 deletion mutants shifted from >256 to 32 µg ml
À1
, and this could be complemented back to the wildtype phenotype by a multi-copy plasmid bearing the wildtype MAB_2875 gene (see Table 3 , strains PM3404 versus PM3405). We also tested the mutants for the cefoxitin MIC, since this antibiotic is used to treat M. abscessus infections [33] , and found no substantial change (Table 3) . We then tested the wild-type parental strain PM3044, and the beta-lactamase mutants PM3386 (DMAB_2875) and PM3395 (DMAB_2875 DMAB_2833 :: aacC41) by disc diffusion analysis using the following antibiotics: kanamycin, rifampin, ciprofloxacin, isoniazid, ethambutol, streptomycin, trimethoprim, technoplainin and vancomycin, but saw no changes in susceptibility (data not shown). We also tested the mutants against various cell envelope-interacting agents. However, we found no phenotypic differences (either viable plate counts, colony size or colony morphology) between the wild-type and mutant strains when challenged with the detergent sodium dodecyl sulphate, the dyes malachite green and congo red, or lysozyme (data not shown).
The results of our analyses of the MAB_2875 b-lactamase mutants in this article are in agreement with a previous report that MAB_2875 is the primary b-lactamase in this species, is resistant to standard inhibitors and its loss primarily affects susceptibility to penicillins and some of the cephalosporin antibiotics [18] . We also found that loss of the putative b-lactamase MAB_2833 resulted in no discernable phenotype under the conditions tested. Given that deletion of the MAB_2875 gene results in loss of detectable b-lactamase activity [18] , it would seem that the MAB_2833 gene is either not expressed or it does not encode a b-lactamase. Mycobacterial genomes typically encode a number of genes annotated as potential b-lactamase/esterase enzymes [34] , and M. abscessus is no exception, with six additional genes besides MAB_2875 and MAB_2833, that are putative b-lactamases [24] . Some of these may peptidoglycan carboxypeptidases, as b-lactamases and carboxypeptidases share a common ancestor [35] . However, we could find no cell wall phenotype in the MAB_2833 mutants, suggesting that the gene may not encode a peptidoglycan carboxypeptidase, that it may be a redundant enzyme that is dispensable or that it plays no role in cell wall biology.
We have demonstrated that suicide plasmid-mediated allelic exchange using galK as a counterselectable marker is possible in M. abscessus, that suicide vector-mediated allelic exchange with this species is as efficient as it is in most other mycobacterial species, and is best augmented by using UV-treated plasmid DNA for the initial recombination event. In addition, our results suggest that using this method for the generation of rough mutants in best done by targeting GPL biosynthesis, rather than targeting the GPL transporter. 
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